Abstract. Breast cancer (BC) is the most common malignancy among women. Identifying novel biomarkers to predict prognosis accurately is important in managing this disease. The regulatory factor X1 (RFX1) gene is a member of the regulatory factor X gene family. Its protein reportedly downregulates the proto-oncogene c-myc, but its role in BC has been unclear. In this study, expression and methylation status of RFX1 were determined in BC cell lines. We then evaluated RFX1 mRNA expression levels with regard to clinicopathological factors including postoperative prognosis in 167 patients with BC. Expression of RFX1 was heterogeneous among cell lines, and we found no DNA methylation at the RFX1 promoter region. Patients were categorized into groups with high or low RFX1 expression, based on ratio of RFX1 mRNA expression in BC and adjacent non-cancerous tissues. The high RFX1 group was significantly associated with low T factor (P=0.028), earlier disease stage (P=0.015), positive expression of estrogen receptor (P=0.005) and progesterone receptor (P=0.011), negative expression of human epidermal growth factor receptor 2 (P=0.001). The high RFX1 group experienced more favorable disease-free survival (P=0.007) and overall survival (P=0.013). In multivariate analysis, RFX1 expression was an independent prognostic factor for disease-free survival. Our findings indicate that RFX1 may serve as a prognostic marker for BC.
Introduction
Breast cancer (BC) is the most commonly diagnosed cancer and the leading cause of cancer-related death in women worldwide (1) . Approximately 1.7 million new cases of BC and 521,900 deaths related to BC are estimated to have occurred worldwide in 2012 (2) . Recurrent BC after resection is frequently intractable and recognized as a major challenge in clinical practice. Currently, adjuvant therapies such as chemotherapy, endocrine therapy and anti-human epidermal growth factor 2 (HER2) agent are administered to BC patients with the aim of prevention of disease recurrences (3) . However, many patients have suffered from adverse events and other costs caused by such treatment. Risk stratification is necessary for assessing indication for adjuvant therapy; development of biomarkers for this purpose is therefore needed.
Several commercial multigene expression assays (Oncotype Dx are currently available to predict patients' prognoses and to evaluate whether adjuvant chemotherapy is appropriate (3) . However, such assays are limited to estrogen receptor (ER)-positive, HER2-negative BC. It's still difficult to predict prognosis of all BC subtypes.
The regulatory factor X1 (RFX1) gene is a member of the regulatory factor X gene family which codes transcription factors (4) . Expression and regulatory mechanisms of RFX1 transcription have been reported in connection with several malignancies, including brain tumors (5, 6 ) and hepatocellular carcinoma (7) . RFX1 is considered to work as a tumor suppressor by downregulating the proto-oncogene c-myc (8) . However, the relationship between RFX1 mRNA expression and patients' clinicopathological factors in BC has not been studied. Here, we focused on RFX1 and investigated its expression in BC cell lines and patients' tumor samples to determine whether it could be a prognostic marker for BC. We obtained 13 BC cell lines  (BT-20, BT-474, BT-549, HCC1419, HCC1954, Hs578T,  MCF7, MDA-MB-231, MDA-MB-361, MDA-MB-415,  MDA-MB-468, SK-BR-3 and ZR- (11, 12) . Primers specific for RFX1 and GAPDH are listed in Table I .
Materials and methods

Sample collection.
Surveillance of CpG island around the RFX1 gene. Nucleotide sequence analysis was conducted to determine the presence of CpG island around the promoter region of RFX1. CpG island was defined using the following criteria: At least 500-bp region of DNA with a high GC content (>50%) and an observed CpG/expected CpG ratio of ≥0.6 (13) . We used the MethPrime (http://www.urogene.org/methprimer/) to determine the location of CpG island (14) .
Bisulfite sequence analysis. Genomic DNA samples from 15 cell lines were subjected to bisulfite treatment using the BisulFlash DNA Modification Kit (EPIGENTEK, Farmingdale, NY, USA); PCR was conducted to detect hypermethylation of the RFX1 promoter region and intron 7 (5), using specific primers (Table I ). The PCR amplification protocols were, for the promoter region: 50 cycles at 94˚C for 20 sec, 56˚C for 20 sec, and 72˚C for 25 sec; and for intron 7: 50 cycles at 94˚C for 20 sec, 60˚C for 20 sec, and 72˚C for 25 sec; both amplifications used an initial denaturation step at 94˚C for 2 min. PCR products were purified directly using the MinElute PCR Purification Kit (Qiagen). Sequence analysis was carried out by Eurofins Genomics Co. (Tokyo, Japan) (15) .
Methylation-specific polymerase chain reaction (MSP).
DNA samples from BC cell lines, clinical BC specimens, and corresponding non-cancerous specimens were subjected to bisulfite treatment. MSP was conducted using specific primers to evaluate the presence of hypermethylation of RFX1 promoter region ( Table I ). The PCR amplification protocols for MSP and un-MSP (U-MSP) were as follows: 50 cycles at 94˚C for 15 sec, 56˚C for 15 sec, and 72˚C for 30 sec; both amplifications used an initial denaturation step at 94˚C for 2 min. Each PCR product was loaded directly on to 2% agarose gels, stained with ethidium bromide and visualized under UV illumination.
Statistical analysis. Differences in levels of RFX1 mRNA between BC and adjacent normal tissues were analyzed using the Mann-Whitney U test. The χ 2 test was used to analyze the significance of the association between RFX1 expression and clinicopathological parameters. Overall survival (OS) and disease-free survival (DFS) rates were calculated using the Kaplan-Meier method; difference in survival curves was analyzed using the log-rank test. We performed multivariate regression analyses using the Cox proportional hazards model to identify prognostic factors, and variables for which P<0.05 were entered into the final model. Statistical analyses were performed using JMP 11 software (SAS Institute, Inc., Cary, NC, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
RFX1 mRNA expression and DNA methylation status of BC cell lines. RFX1 mRNA expression levels were heterogeneous among the 13 BC cell lines and two non-cancerous mammary cell lines (Fig. 1) . We accepted the reports of each cell line's immunostaining status from previous studies (16, 17) .
A CpG island was found at upstream of the transcription initiation site of RFX1 (length 1,519 bases; Fig. 2A) . We examined the methylation status of the 15 cell lines using bisulfite sequence analysis, which detected no CpG methylation in the RFX1 promoter regions of all cell lines, whereas CpG hypermethylation in intron 7 was detected in all cell lines including the non-cancerous mammary cell lines (Fig. 2B) . BT-474, MCF-10A, and three representative clinical BC and corresponding non-cancerous tissues were subjected to MSP. We found absence of methylation in the promoter region of RFX1 gene both in cell lines and clinical samples (Fig. 2C) . Mean expression levels of RFX1 mRNA in BC tissues was significantly lower than those in corresponding non-cancerous tissues (P<0.001; Fig. 3A) . In 43 (26%) of the 167 patients, RFX1 mRNA expression levels in BC tissues were higher than in adjacent normal tissues. We calculated the ratio of RFX1 mRNA expression levels between BC and adjacent non-cancerous tissues. Patients whose RFX1 mRNA levels were lower in BC tissue than in adjacent tissues were designated as ̔the low RFX1 group̓ (n=124), and patients with higher RFX1 expression were designated as ̔the high RFX1 group̓ (n=43) in the following analyses.
Clinical significance of RFX1 mRNA levels. The high RFX1 group was significantly associated with less advanced UICC T factor (P=0.028) and lower pathological stage (P=0.015). The high RFX1 group correlated significantly with ER positive (P=0.005), PgR positive (P=0.011), HER2 negative status (P=0.001; Table II) .
Mean RFX1 mRNA expression in T2/T3/T4 specimens (n=90) was significantly lower than in the Tis (carcinoma in situ)/T1 group specimens (n=77; P=0.004; Fig. 3B ). RFX1 mRNA levels did not significantly differ between patients with negative and positive lymph node metastases (n=85 and 82 respectively, P=0.181), or between UICC stage 0/I/II specimens (n=131) and stage III/IV (n=36; P=0.069).
With regard to relevance to the conventional biomarkers (Fig. 4) , RFX1 mRNA levels in ER positive specimens (n=127) were expressed significantly higher than in ER negative specimens (n=40; P=0.017); PgR positive specimens' RFX1 mRNA level (n=115) was also significantly higher than that of PgR negative specimens (n=52; P=0.010); HER2 negative specimens (n=119) expressed significantly more RFX1 mRNA than HER2 positive specimens (n=39; P=0.006; missing HER2 data for 1 patient). RFX1 mRNA levels did not significantly differ between triple-negative (n=18) and other BC subtypes (n=148; P=0.363; missing data for 1 patient).
Prognostic impact of RFX1 mRNA expression. The high RFX1 group experienced significantly longer DFS than the low RFX1 group (5-year DFS rates, high RFX1 group: 95%; low RFX1 group: 77%; P=0.007; Fig. 5A ). Among 43 patients of the high RFX1 group, only two suffered recurrences. The OS in the high RFX1 group was also significantly longer than in the low RFX1 group (5-year OS rates, high RFX1 group: 98%; low RFX1 group: 90%; P=0.013; Fig. 5B ). Multivariate analysis of DFS identified UICC pathological stage III/IV [hazard ratio (HR): 4.80; 95% confidence interval (CI): 1.80-14.9, P=0.001] and the low RFX1 group (HR, 4.77; 95% CI: 1.32-30.9, P=0.014) as independent prognostic factors (Table III) . Figure 4 . Expression of RFX1 mRNA levels in tumor tissues about the relevance to the conventional biomarkers. Mean RFX1 mRNA levels in the ER positive BC subgroup were significantly higher than in the ER negative subgroup. The PgR positive patients' mean RFX1 mRNA levels was also significantly higher than that of PgR negative patients. The HER2 negative subgroup had a significantly higher mean RFX1 mRNA level than the HER2 positive subgroup. The triple-negative and non-triple-negative subgroups did not significantly differ. NS, not significant. 
Discussion
Our data showed that higher RFX1 expression was associated with less advanced T factor and lower disease stage, and patients with higher RFX1 expression had excellent prognoses. The RFX1 gene is cytogenetically located at 19p13.1, and belongs to the RFX family genes which share the conserved DNA-binding domain named ̔winged helix̓ (4, 18) . The RFX family codes transcription factors that contain a highly conserved 76-amino acid DNA binding domain (4) . RFX1 forms a homodimer or heterodimers with the RFX2 or RFX3 proteins through a dimerization domain (19, 20) . RFX1-4 can bind methylated DNA sequences preferentially within a sequence-specific, 14-bp consensus sequence (21) . As RFX1 downregulates the proto-oncogene c-myc (8) , it is considered to be a tumor suppressor. In hepatocellular carcinoma (HCC), RFX1 regulates SC-2001-mediated SHP1 transcription in HCC cell lines, and SC-2001 inhibits tumor growth (7) . RFX1 downregulation in tumors has been also verified in glioma (5), neuroblastoma (6) , and esophageal adenocarcinoma (22) . We investigated the mRNA expression level and methylation status of RFX1 using BC cell lines and non-cancerous mammary gland epithelial cell lines. The RFX1 mRNA expression levels were heterogeneous across cell lines. There were no reports on hypermethylation of the promoter region of RFX1 gene in non-neoplastic tissues (5) . In this study, we found no CpG methylation within the promoter region in cell lines and some clinical tissues. Reportedly, CpGs in intron 7 were hypermethylated in glioma cell lines and tissue samples, although CpG methylation in the promoter region was not seen (5) . BC cells were also reported to have hypermethylated CpGs in intron 7 (23) . CpGs in gene bodies are sometimes methylated in a tissue-specific manner. Gene body methylation has been shown to increase gene expression contrary to methylation in the promoter region (24) . In the current study, we found CpG hypermethylation in intron 7 of all BC cell lines and the non-cancerous mammary cell lines. These results suggest that methylation status is not associated with downregulation of RFX1 mRNA in BC cells.
This study demonstrated that RFX1 mRNA expression has a significant relationship with patients' clinicopathological factors and prognosis. The most striking finding was that the high RFX1 group experienced excellent prognosis (5-year DFS rates, high RFX1 group: 95%; low RFX1 group: 77%). Notably, only two of 43 patients suffered recurrences in the high RFX1 group. Multivariate analysis of DFS identified UICC pathological stage and the low RFX1 group as independent prognostic factors. These results emphasize the usefulness of RFX1 as a prognostic marker. RFX1 mRNA level was indicated as a potent prognostic factor which was independent of ER, PgR or HER2 status. Considering these findings, if a patient's BC specimen's RFX1 mRNA expression is high, adjuvant chemotherapy could be tailored, thus reducing the adverse events and expense associated with chemotherapy.
Breast cancers are commonly treated according to their subtypes (3), which are determined by investigating their immunostaining status for ER, PgR and HER2. The subtype reflects each tumor's character, prognosis and sensitivity to medication. In this study, the high RFX1 group correlated significantly with ER positive, PgR positive and HER2 negative.
This result corresponds to our understanding that BC with such phenotypes are less aggressive. Although triple-negative BC is thought to be a more malignant phenotype with a poorer prognosis, our results showed no significant differences between triple-negative BC and other types. This might be because of the small sample size of the triple-negative group. This is the first study to show the relationship between RFX1 mRNA expression and BC prognosis; and our findings may have several possible clinical applications. For example, RFX1 levels in resected samples might help evaluate each patient's prognosis and need for adjuvant chemotherapy. Multigene expression assays might be refined by adding RFX1 expression. In addition, RFX1 expression can be analyzed by needle biopsy samples before operation, thus aiding in treatment decisions for neoadjuvant therapy.
This study has some limitations. First, the function of RFX1 in BC cells is unknown. Basic functional analyses in which RFX1 expression is inhibited are needed. Second, the mechanism of RFX1 downregulation is still unclear. The methylation status of two regions (the promoter and intron 7) in the RFX1 gene was determined in the present study. Therefore, it remains formally possible that additional intragenic or intergenic regions may have undergone methylation in breast cancer tissues. Mechanisms other than methylation (such as histone modification and micro RNAs) should also be investigated for this gene and its product. Further, this study was conducted retrospectively. Therefore, therapeutic intervention might affect significance of RFX1 mRNA level. Thus study for larger series of patients or prospective study is warranted.
In conclusion, our data indicate that higher expression of RFX1 mRNA level in BC tissue than adjacent normal site predicts better prognosis. RFX1 could become a useful prognostic marker for BC.
